Purpose of review: To review the literature and describe techniques to use ultrasound to guide performance of lumbar puncture (LP). Recent findings: Ultrasound evaluation of the lumbar spine has been shown in randomized trials to improve LP success rates while reducing the number of attempts and the number of traumatic taps. Summary: Ultrasound mapping of the lumbar spine reveals anatomical information that is not obtainable by physical examination, including depth of the ligamentum flavum, width of the interspinous spaces, and spinal bone abnormalities, including scoliosis. Using static ultrasound, the lumbar spine anatomy is visualized in transverse and longitudinal planes and the needle insertion site is marked. Using real-time ultrasound guidance, the needle tip is tracked in a paramedian plane as it traverses toward the ligamentum flavum. Future research should focus on efficient methods to train providers, costeffectiveness of ultrasound-guided LP, and the role of new needle-tracking technologies to facilitate the procedure.
P oint-of-care ultrasound is being increasingly used to guide bedside procedures. For certain bedside procedures, such as central venous catheterization, use of ultrasound guidance is now considered the standard of care. For other procedures, such as lumbar puncture (LP), ultrasound can facilitate performance of the procedure by revealing underlying anatomy. Although many clinicians can perform LP based on landmarks with high success rates, an increasing body of evidence supports the use of ultrasound guidance, particularly in obese patients with less palpable landmarks. A recent study demonstrated a 19% failure rate of LPs performed in a neurology clinic when landmarks alone were used. A strong correlation between body mass index (BMI) and procedure failure was shown with half of the failed LPs in patients with a BMI . 35 . 1 Ultrasound can also reveal other anatomical information, such as depth of the ligamentum flavum and width of the interspinous spaces, which are useful to guide LP.
A training gap of health care providers in ultrasound techniques can partially account for the limited use of ultrasound to guide LPs in current practice. To help bridge this knowledge gap, we review the use of ultrasound guidance for LP, including a synopsis of the medical literature, procedural techniques, and research gaps.
Literature review
The value of using ultrasound to identify spinal anatomy prior to performance of neuraxial procedures has been recognized since its first description by Russian anesthesiologists in 1971. 2 Nearly 30 years passed before Grau et al. [3] [4] [5] [6] [7] [8] published a series of articles describing the use of ultrasound to guide epidural anesthesia in the early 2000s. At least 20 randomized trials and 2 meta-analyses have since compared landmark-based vs ultrasound-guided techniques for lumbar puncture or epidural/spinal anesthesia. Key findings from these studies [9] [10] [11] [12] [13] [14] [15] [16] [17] are summarized in the table. A systematic review and meta-analysis of 14 randomized controlled trials evaluated whether ultrasound decreased the risk of failed LPs or epidural catheterizations compared to standard palpation of landmarks. Additionally, the authors addressed whether ultrasound imaging decreased traumatic procedures, insertion attempts, and needle redirections. The 14 studies (5 on LPs and 9 on epidural catheterizations) included 1,334 patients (n 5 674 in the ultrasound group and n 5 660 in the control group). Ultrasound imaging decreased the risk of failed procedures, even when stratified into subgroups of LP or epidural catheterization. Ultrasound imaging also significantly reduced the risk of traumatic taps, number of insertion attempts, and number of needle redirections. 16 Ultrasound provides additional clinical information for LP site selection that is not obtainable by physical examination. Ultrasound allows measurement of the distance from the skin to ligamentum flavum, allowing for selection of an appropriate length spinal needle and anticipation of the depth of needle insertion before obtaining CSF. The distance between the skin and ligamentum flavum in nonobese (BMI ,25) vs morbidly obese patients (BMI .30) differs by an average of 2 cm (4.4 vs 6.4 cm) when measured using ultrasound. 18 Depth of the ligamentum flavum can be accurately measured from either a longitudinal paramedian or transverse midline view, although identification and measurement of the ligamentum flavum may be easier from a longitudinal paramedian view. 6, 19, 20 Most important, ultrasound allows the provider to select the widest interspinous space with the highest likelihood of a successful procedure.
Clinicians who are not radiologists can acquire high-quality images in ,1 minute after brief, focused training. 21 One training protocol to obtain consistently high-quality images required review of ultrasound anatomy images and 10 practice scans. 21 Furthermore, use of ultrasound may improve the learning curve of trainees carrying out neuraxial procedures. 22 LP spine mapping has generally shown the greatest benefit in patients with poorly palpable landmarks most commonly due to obesity. 10, 18, 21 Other predictors of difficult LP include abnormal spinal anatomy, such as scoliosis, previous spinal surgery, or history of difficult LP. Ultrasound was superior to a landmark-guided approach in patients with one or more of these predictors undergoing spinal anesthesia. 23 Palpation of lumbar spinous processes is inaccurate in both lean and obese patients, and inferior in prediction of lumbar level compared to ultrasound. [24] [25] [26] [27] [28] It is not clear if routine use of ultrasound guidance in lean patients is superior to landmark-based LP. 15, 29 As a multidisciplinary panel of procedural experts from different institutions, we concur with a recent recommendation for routine use of ultrasound guidance for patients in whom risk of a failed procedure is high due to poorly palpable landmarks or atypical spinal anatomy. 30 We would further advocate for the routine use of ultrasound in all patients because ultrasound reveals anatomical information, such as width of interspinous spaces and depth of ligamentum flavum, not elucidated by physical examination and can guide procedural decisionmaking. Although ultrasound is most commonly used to mark the needle insertion site, use of realtime ultrasound guidance to track the needle tip has been described since 2001. 31 Real-time ultrasound-guided LP is most often performed using a longitudinal (in-plane), paramedian approach. [31] [32] [33] [34] [35] [36] [37] One prospective study using a conventional curvilinear transducer and a longitudinal paramedian approach demonstrated a 97% success rate with a median of 3 needle passes (interquartile range 1-6). 34 Although small studies describing real-time ultrasound guidance appear promising, lumbar spine mapping to mark the needle insertion site is currently the most common technique with the largest body of supporting evidence.
Lumbar spine anatomy
Using ultrasound, the 5 lumbar vertebrae can be sequentially identified and distinguished from the fused sacral bones. The spinal cord ends at L1-L2 in adult patients, and LP can be safely performed below the L2 vertebra. The L2, L3, and L4 spinous processes are the most superficial, and the L2-3 and L3-4 interspinous spaces are typically the widest. The L4-L5 interspinous space is generally narrower and deeper due to lordosis of the spine. The supraspinous ligament connects the tips of the spinous processes in the midline and the interspinous ligaments join the inferior and superior surfaces of adjacent spinous processes ( figure 1A) . The ligamentum flavum lies deep to the interspinous ligaments, connects the lamina, and lines the spinal canal in the interlaminar space. The posterior longitudinal ligament stretches as a continuous band along the posterior aspect of the vertebral bodies. 38 LP is most commonly performed using a midline approach, although a paramedian approach may also be used ( figure 1B) .
Ultrasound-guided site marking
The patient can be positioned in an upright or lateral decubitus position to perform an ultrasound-guided LP. LP success rates tend to be higher in an upright position because the interspinous spaces are wider and the vertebral column does not twist or bow as may occur in a lateral decubitus position. 39 If the patient is in a lateral decubitus position, ensure the shoulders and hips are perpendicular to the bed surface to avoid twisting of the spine.
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Neurology.org/cp described in published literature. 10, 13, 38 A high-frequency, linear-array transducer generates highresolution images, and is preferred in lean patients and for training novice providers. However, a low-frequency, curvilinear transducer is more often used because it provides deeper penetration to visualize the spinal structures in overweight and obese patients. In patients with poor landmarks, identify the sacrum first. Place the transducer in a transverse plane over the sacrum just above the intergluteal cleft. The sacrum has a distinct hyperechoic, serrated appearance due to its fused bones. Visualization of the sacrum orients the provider to then identify the lumbar spinous processes sequentially by sliding the transducer superiorly. Spinous processes appear as small, hyperechoic, superficial bone tips that cast a distinct vertical shadow that is readily recognized in the center of the screen (figure 2). The L5 spinous process is usually relatively deep with more overlying soft tissue compared to L4. Sliding the transducer superiorly allows sequential identification of L4, L3, and L2. Center the transducer exactly over each spinous process and make a mark perpendicular to the transducer denoting the midline of the spine.
With the transducer over the L3 or L4 vertebra, rotate the transducer 90°clockwise to align the ultrasound beam longitudinally over the midline. The spinous processes in this orientation will appear rectangular, or as tombstones, with a shadow deep to the spinous processes ( figure 3 ). Slide the transducer along the midline of the spine to identify the widest interspinous space. Center the transducer over the widest interspinous space in a longitudinal view and make a line perpendicular to the transducer. The intersection of the 2 markings of the spinal midline and interspinous space is the entry point for the spinal needle. If all the lumbar interspinous spaces are narrow, consideration should be given to using a paramedian approach or performing the procedure under fluoroscopic guidance.
An alternative approach is to map the lumbar spine in a paramedian plane using the lamina to mark each lumbar vertebra ( figure 4 ). With the transducer in a longitudinal plane over the sacrum, slide the transducer cephalad to identify the L5-sacrum interspinous space, which has a distinct appearance. The linear sacrum deepens as it approaches L5, and the L5 lamina appears as a sharp tooth or sail-like structure above the interlaminar space. After identifying the L5-S1 level, slide the transducer cephalad, and mark the lumbar level with the widest interlaminar space. Next, rotate the transducer 90°counterclockwise into a transverse plane, slide the transducer medially, center it over the spinous processes, and mark the midline of the spine. The intersection of the 2 lines denotes the needle insertion site.
Measuring the skin-ligamentum flavum distance guides selection of an appropriate length spinal needle, since the posterior dura is only a few millimeters deep to the ligamentum flavum. The skin-ligamentum flavum distance is best measured from a paramedian view. The ligamentum flavum appears as a hyperechoic horizontal line just deep to the lamina or articular processes ( figure 4) . The fluid-filled dural sac appears black (anechoic) in between the ligamentum flavum and posterior longitudinal ligament. The lamina can be mistaken for spinous processes in a paramedian view but there are 2 methods to avoid this pitfall. First, the transducer can be tilted in a longitudinal plane to differentiate the lamina from the spinous processes. Second, if muscle fibers of the erector spinae are seen superficial to the bony prominences, then the bony prominences are lamina because only skin and subcutaneous tissue are seen superficial to spinous processes. The patient should remain in the same position after marking the needle insertion site because changes in position may offset the Both ultrasound-guided site marking (as described) and real-time ultrasound guidance have been shown to have higher success rates than landmark-based techniques. lumbar spine markings. Selection of an appropriate length 20-22 gauge, atraumatic spinal needle can reduce the risk of a post-LP headache. 40, 41 As the spinal needle is inserted through the skin, resistance should be encountered as the needle traverses the dense supraspinous and interspinous ligaments. Despite careful site marking, minor needle redirections are often needed to advance the spinal needle into the spinal canal. Once the first pop or release of resistance is felt, the needle should be advanced 1-2 mm at a time until it enters the subarachnoid space and CSF is obtained.
Real-time ultrasound guidance
Real-time ultrasound guidance allows the provider to track the needle tip as it enters the ligamentum flavum. Both ultrasound-guided site marking (as described above) and real-time ultrasound guidance have been shown to have higher success rates than landmark-based techniques. Real-time ultrasound guidance is performed using a paramedian approach. 38 The ultrasound transducer must be placed in a sterile plastic sheath when using real-time guidance, and sterile gel is used. After centering the transducer over the widest lumbar interspinous space, rotate the transducer 45°toward the midline into an oblique paramedian view. The transducer is aligned in a plane from the spinous process of the superior vertebra to the lamina of the inferior vertebra. The lamina, ligamentum flavum, spinal canal, and posterior longitudinal ligament are visualized. Slide the transducer in the same plane 1-2 cm craniomedially to ease insertion of the needle underneath the transducer. The spinal needle is inserted in the plane of the ultrasound beam ( figure 5 ). As the needle is advanced through the interlaminar space, resistance will increase, indicating the needle is traversing the ligamentum flavum. Once the ligamentum flavum has been penetrated, a loss of resistance is felt and the provider should begin to sequentially check for CSF while advancing the needle 1-2 mm at a time. The needle tip is usually not visualized as it penetrates the ligamentum flavum due to shadowing from the superior spinous process.
Areas of uncertainty
Several randomized trials of unselected patients have demonstrated improved success rates of LP with ultrasound guidance, but it remains unclear whether routine use of ultrasound guidance for all patients is beneficial. 15 Success of LP depends on patient factors (body habitus, spinal anatomy, previous spinal surgery, positioning, cooperation), operator factors (LP skills, ultrasound skills, experience), and system factors (ultrasound equipment, equipment availability, procedure supplies). Although randomized trials may control for most patient and system factors, the operator's ultrasound skill is an important and underappreciated potential source of bias in current studies. When comparing ultrasound vs landmark-based techniques, inexperienced operators may not use ultrasound accurately to map the lumbar spine, resulting in negative studies. A recent randomized trial comparing routine use of ultrasound guidance vs landmark-based techniques for LP did not demonstrate a benefit of using ultrasound; however, trainees were the primary operators and inexperience combined with convenience sampling may explain the negative results. 15 On the contrary, studies with highly experienced operators may exaggerate benefits of ultrasound by demonstrating perfect success rates with only a small number of procedures. 29 Therefore, a multicenter comparative trial using a standard protocol for routine use of ultrasound-guided vs landmark-based LP is needed. Most published trials have compared ultrasound-guided site marking vs landmark-based site selection, and few studies have used real-time ultrasound guidance. No published trials have directly compared use of real-time ultrasound guidance vs ultrasound-guided site marking, and it is unknown whether real-time ultrasound guidance confers any additional benefit.
Training in ultrasound-guided LP, both site marking and real-time guidance, is another area of uncertainty. Simulation-based practice has been shown to improve acquisition of LP skills 42 but how simulation-based practice affects performance of LP on actual patients in clinical settings is unknown. Further, no externally validated simulation-based training curriculum to teach ultrasound-guided LP skills has been published.
Future studies should address the effect of ultrasound on clinical decision-making and cost-effectiveness. Ultrasound can guide clinical decision-making by allowing the operator to select the interspinous space with the highest chance of a successful LP, or expedite referral for a fluoroscopically guided LP, if all interspinous spaces appear too narrow. By improving LP success rates, reducing needle redirections, and expediting care, ultrasound guidance may reduce health care costs and improve patient experience, although studies demonstrating this have yet to be conducted. Finally, the effect of ultrasound on common side effects, such as post-LP headache, and more serious adverse events, such as epidural bleeding, have yet to be investigated.
CONCLUSIONS
Ultrasound guidance for LP improves success rates, decreases needle redirections and traumatic taps, and can decrease total procedure time. When static ultrasound guidance is used, visualization of the spinous processes is the key element to mark the needle insertion site. When real-time ultrasound guidance is used, the needle is inserted under direct visualization using a paramedian approach. Future clinical studies should compare outcomes of site marking using static ultrasound vs real-time ultrasound guidance, as well as the effect of using ultrasound guidance on health services outcomes, including patient experience.
